Completely biological tissue replacements can be fabricated by entrapping cells in a molded fibrin gel. Over time, the fibrin is degraded and replaced with cell-produced extracellular matrix. However, the relationship between fibrin degradation and matrix deposition has not been elucidated. We developed techniques to quantify fibrin degradation products (FDP) and examine plasmin activity in the conditioned medium from fibrin-based constructs. Fibrin-based tissue constructs fabricated with vascular smooth muscle cells (vSMC) were cultured for 5 weeks in the presence of varied concentrations of the fibrinolysis inhibitor e-aminocaproic acid and cellularity, and deposited collagen and elastin were measured weekly. These data revealed that increasing concentrations of e-aminocaproic acid led to delayed and diminished FDP production, lower vSMC proliferation, and decreased collagen and elastin deposition. FDP were shown to have a direct biological effect on vSMC cultures and vSMC within the fibrin-based constructs. Supplementing construct cultures with 250 or 500 mg/mL FDP led to 30% higher collagen deposition than the untreated controls. FDP concentrations as high as 250 mg/mL were estimated to exist within the constructs, indicating that FDP generation during remodeling of the fibrin-based constructs exerted direct biological activity. These results help explain many of the positive outcomes reported with fibrinbased tissue constructs in the literature, as well as demonstrate the importance of regulating plasmin activity during their fabrication.
Introduction
T he plasma protein fibrinogen has shown great utility in tissue engineering, being used as the basis for a fibrin gel scaffold for growth of bone marrow stromal cells, 1 chondrocytes, 2 osteoblasts, 3 and nerve axons. 4 Fibrin gel has also been used as a scaffold in cardiovascular tissue engineering 5, 6 and used in conjunction with vascular smooth muscle cells (vSMC) in vascular tissue engineering. [7] [8] [9] [10] As a biopolymer, fibrin has a number of advantages, including the option for direct cell entrapment during construct fabrication, the availability of sites for cellular adhesion and binding of other matrix molecules and growth factors, and the ability to produce alignment of cells and fibrils in gels that are mechanically constrained during gel compaction by cell traction forces. 11, 12 Fibrin-based constructs undergo extensive matrix remodeling as the cells degrade fibrin and deposit extracellular matrix (ECM). 7, 13, 14 vSMC secrete more collagen and elastin in fibrin gel than in collagen gel, producing constructs with superior mechanical properties. 14, 15 Fibrin gel is formed by the thrombin-catalyzed selfassembly of fibrin monomers, derived from fibrinogen, into native protein filaments. This process forms a fibrin gel entrapping the cells suspended in the fibrinogen solution, analogous to the entrapment of platelets in a fibrin clot during wound healing. 16, 17 The serine protease plasmin acts in vivo to resorb the thrombus, after activation of the zymogen plasminogen by urokinase (uPA) or tissue plasminogen activator (tPA). 18 Fibrin degradation can be modulated by the addition of plasmin inhibitors, such as aprotinin or e-aminocaproic acid (ACA). ACA inhibits uPA, 19 tPA, 20 and plasmin, 21, 22 and is widely used in tissue engineering to slow fibrin degradation. 6, [23] [24] [25] [26] Controlling the rate of fibrinolysis is of great importance when using fibrin gel as a tissue scaffold. Extensive degradation of the gel before the cells secrete sufficient ECM results in construct failure. However, excessive fibrinolytic inhibition could limit fibrin remodeling into tissue and also result in failure. In fact, fibrin degradation products (FDP) have been shown to have biological activity and may aid in the remodeling of the fibrin constructs. For example, plasmingenerated FDP fragment E and atherosclerotic plaque extracts have shown mitogenic effects on SMC, 27 and plasmin-derived FDP stimulated collagen synthesis in the chick chorioallantoic membrane model. 28 The goal of this study was to examine how fibrin degradation affects proliferation of and matrix deposition by vSMC in fibrin-based tissue constructs. Enzyme-linked immunosorbent assay (ELISA) and zymography methods were developed to monitor levels of bovine FDP and plasmin activity, respectively, in the medium of fibrin-based tissue constructs. The fibrinolytic inhibitor ACA was utilized to alter fibrin degradation by plasmin and examine the effects on collagen and elastin deposition and cell proliferation in fibrin constructs over long-term culture. FDP concentrations in the interstitial fluid of the constructs were measured to estimate the FDP concentrations in proximity to the vSMC during construct degradation. To determine if these concentrations of FDP were bioactive, cell cultures were supplemented with exogenous FDP over a range of concentrations, and changes in cellularity and collagen content were measured. Finally, to demonstrate that FDP were bioactive in the tissue constructs, exogenous FDP were added under conditions of fibrin degradation inhibition.
Materials and Methods
Cell culture vSMC were isolated from 1-to 3-day-old Fischer rat aortae, as previously described. 13 Cell type was verified by staining with a-SM actin and SM myosin heavy chain antibodies (Abcam Inc., Cambridge, MA). The cells were maintained in Dulbecco's modified Eagle's medium/F12 supplemented with 100 U/mL penicillin, 100 U/mL streptomycin (Invitrogen, Carlsbad, CA), and 15% fetal bovine serum (FBS; Thermo Fisher Scientific, Waltham, MA). All culture flasks were seeded with 20,000 cells/cm 2 , split near confluence, and used at passage 6 for construct fabrication.
Fabrication of fibrin-based tissue constructs
Adherent disc constructs were prepared as previously described. 13 For these studies, the initial concentrations were 5Â10 5 vSMC/mL and 3.3 mg/mL fibrinogen solid (F4753; Sigma Aldrich, St. Louis, MO); 200 mL of fibrin gel was used for each 1-cm-diameter disc construct. After fibrin gelation, construct medium consisting of Dulbecco's modified Eagle's medium/F12, antibiotic/antimycotic (Invitrogen), 10% FBS, 50 mg/mL ascorbate (Sigma Aldrich), 1 ng/mL transforming growth factor b1 (TGF-b1; R&D Systems, Minneapolis, MN), and 2 mg/mL insulin (Sigma Aldrich), plus 3, 6, or 12 mM ACA (Thermo Fisher Scientific) was added at an initial volume of 2 mL per construct and replaced with 1 mL of this supplemented medium every 2-3 days. A medium sample was collected before each medium change. Constructs were harvested weekly for 5 weeks.
In a separate set of experiments, constructs grown in 3 and 12 mM ACA received 0, 100, 250, or 500 mg/mL bovine plasmin-derived FDP 24 h after casting and again with each medium change. FDP were formed as described in the ELISA for bovine FDP section. Constructs were harvested at 1 week.
ELISA for bovine FDP
FDP present in media were quantified with a competitive ELISA using antibovine fibrinogen (American Diagnostica Inc., Stamford, CT) as the primary antibody and purified bovine fibrinogen (Aniara, Mason, OH) as the coating antigen and concentration standard. This fibrinogen was converted to fibrin using the same conditions as construct preparation, digested overnight at 378C with human plasmin (Sigma Aldrich) at 0.04 U/mg protein in 50 mM Tris, 100 mM NaCl, and 10 mM CaCl 2 , pH 7.6. Plasmin was quenched with aprotinin (Sigma Aldrich) at 100 KIU/mL and the digest was adjusted to 1 mg/mL bovine FDP in phosphate-buffered saline.
EIA/RIA plates (Corning Inc., Lowell, MA) were coated overnight at 48C with bovine FDP. All other incubations were performed for 1 h at room temperature in phosphate-buffered saline with 0.05% Tween-20. The plate was then blocked with 1% bovine serum albumin (immunoglobulin G and protease free; Jackson ImmunoResearch Laboratories, Inc., West Grove, PA). Solutions of primary antibody (3.33 mg/mL) plus either known amounts of bovine FDP or diluted sample media were incubated, added to the plate, and incubated again to allow free antibody to bind to the FDP coated on the plate. Since the ELISA also detected fibrinogen products in FBS, both media and standards were at kept at the same FBS concentration. Attached primary antibody was bound to an horseradish-peroxidase-conjugated secondary antibody ( Jackson ImmunoResearch) used at 1:50,000. The bound horseradish peroxidase was incubated with 3,3 0 , 5,5 0 -tetramethylbenzidine substrate solution (TMB, Thermo Fisher Scientific) to yield color inversely proportional to FDP concentration. After quenching with 2.5 M H 2 SO 4 , the plates were read at 450 nm with background subtraction (BioTek Instruments, Inc., Winooski, VT). Completely digested vSMC constructs contained 330 mg FDP as measured by ELISA.
In one set of experiments, constructs were harvested daily and pooled to allow for quantification of interstitial FDP. In these studies, 100 KIU/mL aprotinin and 10 mM Galardin (Millipore, Billerica, MA) were added to the medium 1 h before harvest and samples of medium were collected for quantification. Then, all medium was aspirated from the construct surface and the constructs were collected into chilled vials and centrifuged at 10,000 g at 48C for 15 min. The supernatant was collected and used to quantify FDP within the construct via ELISA.
Fibrinogen zymography
Polyacrylamide gels were prepared with the addition of 375 mg/mL fibrinogen to the resolving phase. Medium, human activated plasmin, or a 2 -antiplasmin (Abcam Inc.) were loaded as indicated and then separated by electrophoresis. The gel was rinsed, extracted in 2.5% Triton X-100 (Sigma Aldrich), rinsed again, and then incubated in reaction buffer (50 mM Tris pH 7.4, 1 mM CaCl 2 , and 1 mM MgCl 2 ) at 378C overnight. ACA was added to the buffer as indicated. Digested gels were stained (Blue BANDit; Amresco Inc., Solon, OH) and then scanned for qualitative analysis.
Biochemical and histochemical analysis
DNA was quantified with a modified Hoechst assay. 29 Cellularity was determined assuming 7.6 pg of DNA per 3262 AHMANN ET AL.
cell. 30 Collagen content was measured with the hydroxyproline assay of Stegemann and Stadler, 31 with collagen per sample calculated using a conversion factor of 7.46 mg of collagen per mg of 4-hydroxyproline. 32 Elastin content was measured using the modified ninhydrin assay. 14, 33 Constructs for histology were fixed in 4% paraformaldehyde for 3 h, followed by infiltration with a solution of 30% sucrose and 5% dimethyl sulfoxide. Samples were frozen in optimal cutting temperature (OCT) compound (Tissue-Tek, Torrance, CA), sectioned into 9-mm-thick cross sections, and then stained with Lillie's trichrome and Picrosirius red. 34 Images were taken with an Zeiss Axiovert or Olympus IX70 inverted microscope equipped with a color charge-coupled device (CCD) camera. For Picrosirius red imaging, samples were placed between crossed plane polarizers.
Stimulation of cell monolayers
vSMC were plated in six-well plates at an initial density of 20,000 cells/cm 2 and were maintained in the construct medium. At 24 h and again with every feeding, either bovine FDP (0, 100, 250, and 500 mg/mL) or ACA (0, 3, 6, and 12 mM) was added to the medium. The medium was changed on days 3 and 6 and harvested at day 7.
Statistical analysis
Statistical analysis was performed using one-way analysis of variance for cell culture studies conducted with one time point, and two-way analysis of variance for 5-week construct studies and construct studies with combined ACA and FDP treatments in GraphPad Prism software for Windows (GraphPad Software, Inc., San Diego, CA). Tukey post hoc analysis was conducted to evaluate significant differences. A significance level of a ¼ 0.05 was used for all tests. Pearson's correlation coefficient was calculated to examine the correlation between fibrin degradation and ECM deposition or cellularity. Linear regression was performed to examine the relationship between FDP concentration in the culture medium and collagen deposition. The best fit line and 95% confidence intervals are shown in Figure 3D .
Results

ACA leads to both a delay and decrease in FDP release
Fibrin-based tissue constructs cultured in the absence of plasmin inhibition are completely degraded within 24 h of casting, which is prevented by supplementation of the medium by ACA, an inhibitor of plasmin activity. To quantify the effect of plasmin inhibition on scaffold digestion, an ELISA sensitive to the presence of bovine FDP in the culture medium of the tissue constructs was developed. Tissue constructs cultured with high ACA released few FDP, never exceeding a medium concentration of *20 mg/mL (Fig. 1A) . For intermediate and low ACA concentrations, the maximal FDP concentration increased to *50 and 120 mg/mL, respectively. Higher ACA concentrations also shifted the time of maximal FDP concentration in the medium. Peaks in FDP generation occurred earliest for the low ACA samples and latest for the high ACA samples, at days 8 and 18, respectively. After 5 weeks in culture, nearly 90% of the initial fibrin had been digested in the low ACA constructs, while in high ACA constructs only 40% of the initial fibrin was digested (Fig. 1B) .
Fibrinolytic activity in the culture medium is primarily due to plasmin
To identify the enzyme(s) relevant to fibrinolysis in the constructs, fibrinogen zymography was used by preparing polyacrylamide gels supplemented with the same fibrinogen used in construct fabrication. Medium from constructs cultured overnight without ACA, representing peak plasmin
FIG. 1. Plasmin inhibition reduces and delays fibrin degradation product (FDP) release from tissue constructs. (A)
FDP concentrations in the culture medium were measured for 5 weeks before each medium change. Each data point represents analysis of pooled medium from five constructs at each e-aminocaproic acid (ACA) concentration (low, intermediate, and high, corresponding to 3, 6, and 12 mM ACA, respectively). (B) Cumulative FDP release over 5 weeks is shown, expressed as a percentage of the initial fibrin that has been degraded. activity, served as a positive control for this assay. The primary fibrinolytic bands appeared as a doublet near 72/74 kDa and a poorly resolved doublet near 140 kDa ( Fig. 2A) . Addition of ACA at the levels used in construct culture ( Fig. 2A) or the serine protease inhibitor aprotinin (Supplemental Material, Fig. S1 , available online at www.liebertonline.com/ten), inhibited digestion by all species, pointing to their identity as complexes of the serine protease plasmin. The broad specificity matrix metalloprotease inhibitor Galardin had no effect on the digest pattern ( Supplemental Fig. S1 ). This study, in agreement with previous work, 35 demonstrates that vSMC use endogenous plasminogen activators, such as uPA (Supplemental Fig. S2 , available online at www.liebertonline .com/ten), to activate plasminogen present in serum, 36 producing plasmin that can be used for fibrinolysis.
Purified plasmin migrates as a doublet near 72/74 kDa that, in the presence of the serum-containing culture medium, shifts largely to the doublet at 140 kDa, consistent with the migration of plasmin and the plasmin/a 2 -antiplasmin complex, respectively. 37, 38 To confirm this, a mixture of plasmin with purified a 2 -antiplasmin was analyzed by zymography, and this migrated as the same 140 kDa doublet (Fig. 2B) . Since plasminogen binds to a 2 -antiplasmin 1000-fold more weakly than plasmin (K D ¼ 3 nM and 3 mM for plasmin and plasminogen, respectively), 39 and assuming a constant a 2 -antiplasmin serum concentration, this complex should be relatively insensitive to plasminogen and correlate with plasmin activity. In addition, the 72/74 kDa band could easily be confused with a fibrinolytic activity present in serum. Therefore, the 140 kDa species was chosen for following plasmin activity generated by the constructs.
Plasmin activity precedes FDP release into the medium
Medium samples from constructs incubated in varying ACA concentrations were analyzed for plasmin activity. As expected, the 140 kDa bands associated with plasmin complexes were identified in the culture medium, and this plasmin activity appeared as early as day 3, before the peak FDP levels identified by ELISA (Fig. 2C) . Constructs grown in low levels of ACA showed the greatest initial fibrinolytic activity in the culture medium, which declined after several medium changes and was at background levels within 2 weeks. In contrast, the culture medium of constructs grown in high levels of ACA showed a more sustained fibrinolytic profile with lower levels of initial activity, consistent with sustained FDP production (Fig. 1A) . After 2 weeks, the band intensity in high ACA constructs also decreased, but remained above background levels. Similar patterns of fibrinolytic activity to that seen for the 140 kDa complex were seen with bands at 110/120 and 230 kDa, which are presumably also plasmin complexes.
Reduced ACA leads to higher collagen and elastin deposition and increased cellularity Constructs were harvested weekly to evaluate composition. Collagen and elastin levels increased over the 5-week culture period (Fig. 3A, B) . Collagen content was consistently higher for constructs grown in low ACA, whereas high ACA samples had the lowest collagen content. Elastin levels showed a similar trend. There was a positive correlation between the percentage of fibrin that had been degraded and both the collagen (r 2 ¼ 0.81, p < 0.001) and elastin (r 2 ¼ 0.69, p < 0.001) contents. The weekly amounts of collagen and elastin deposited were calculated for comparison with the concentration of FDP in the medium. Collagen deposition was at the highest in the low ACA group for the first week and decreased weekly, except for a spike at week 4 (Fig. 3C) . Constructs grown in higher concentrations of ACA, which had delayed peaks in fibrin degradation (Fig. 1A) , had peak levels of deposited collagen during the second week. A positive correlation was found between the concentration of FDP in the medium and the collagen produced each week during the first 2 weeks of remodeling (r 2 ¼ 0.84, p < 0.01) (Fig. 3D) . In contrast to the collagen results, weekly elastin deposition in the low ACA group increased over the first 4 weeks of culture, was lower for the higher ACA groups, and did not correlate with FDP concentrations in the medium (Fig. 3E) .
Increased collagen and elastin content of the low ACA tissue constructs could be due in part to higher cellularity. By week 1, the vSMC in all constructs had proliferated, with highest proliferation in the constructs grown in the lowest ACA concentration (Fig. 3F) . The cellularity increased in all three groups over the course of the 5 weeks, with the majority of the increase occurring in the first week for all ACA concentrations. However, the increased cellularity does not entirely explain the higher collagen in the low ACA group: in the first week, vSMC deposited more collagen per cell in the low ACA constructs than in the intermediate and high ACA constructs (Fig. 3G) .
Trichrome and Picrosirius red staining of constructs harvested at 5 weeks revealed the differences in fibrin remodeling that occurred depending on ACA concentration (Fig. 4) . The low ACA constructs showed extensive remodeling with visible collagen deposition, whereas the high ACA constructs had more limited remodeling and minimal collagen staining.
To address the functional consequence of reduced collagen content in fibrin-based constructs, tubular constructs were cultured in varying ACA concentrations and harvested after 5 weeks for mechanical testing. Tubular constructs cultured in 12 mM ACA had lower collagen and cell densities than 6 mM ACA constructs (Supplemental Fig. S3A , B, available online at www.liebertonline.com/ten). In addition, the Young's modulus of high ACA constructs was lower (Supplemental Fig. S3C , available online at www.liebertonline.com/ten).
ACA and FDP affect collagen deposition in vSMC culture
ACA may influence cellularity and collagen deposition in the fibrin-based constructs through a number of mechanisms. To determine if ACA had a direct biological effect on the cells, 0, 3, 6, and 12 mM ACA were used to supplement the medium of vSMC grown on tissue culture plastic, and the cell and collagen contents were quantified after 1 week. As was seen in the constructs (Fig. 3G ), significant decreases in collagen deposition per cell occurred at the higher ACA concentrations (Fig. 5A) . There was no difference in cellularity between groups (Fig. 5B) . To examine potential stimulatory effects of FDP, plasmin-derived FDP were used to supplement the medium of vSMC cultures. There was a 50% increase in collagen deposited per cell when 250 or 500 mg/mL FDP was added (Fig. 5C ), but no difference in cellularity (Fig. 5D ).
Higher concentrations of FDP are measured within the construct interstitial fluid than in the overlying medium
The maximal FDP concentration measured in the construct medium was roughly 120 mg/mL (in the low ACA constructs), which is not in the range shown to provide biological activity in vSMC culture (Fig. 5C) . However, the concentration of FDP within the interstitial fluid of the constructs may have been higher due to a high rate of FDP production versus slow diffusion of FDP into the medium and/or binding interactions of FDP with ECM that retarded FDP diffusion into the medium. To examine this possibility,
FIG. 4.
Histological sections show enhanced remodeling of constructs in low ACA. (A) Lillie's trichrome staining of 5-week constructs shows enhanced fibrin remodeling in the low ACA constructs. Collagen-rich regions stained green, residual fibrin and other noncollagenous protein are red, and nuclei stained black. The 3 mM ACA construct has visible collagen staining and more extensive remodeling than the higher (6 and 12 mM) ACA constructs. (B) Picrosirius red staining indicates increased and/or more mature collagen content in low ACA constructs. Images were exposed identically to observe staining in the 3 mM construct. Scale bar ¼ 50 mm in all images. Color images available online at www.liebertonline.com/ten.
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low ACA constructs were harvested for interstitial FDP measurement daily and compared to the medium FDP measurement. There were large differences in these values (Fig. 6) . The largest differences occurred on the days after a medium change, when six to ninefold increases in FDP concentration were measured within the interstitial fluid. The average difference over the 8 days was approximately a fivefold increase in FDP measured in the interstitial fluid compared to the medium. After 8 days, sufficient volumes of interstitial fluid were not available for harvest from the constructs. This study was done with a different isolation of vSMC, which most likely accounts for the decreased fibrinolysis in these results as compared to the earlier study (Fig. 1A) . However, it proves that substantially higher concentrations of FDP may be present within the construct than are measured within the overlying medium.
Addition of FDP to construct culture increases collagen deposition
Supplementation of the construct medium with plasminderived FDP for 1 week led to increased collagen deposition (Fig. 7A) without affecting cellularity (Fig. 7B) . Supplementing with 250 and 500 mg/mL FDP led to increased collagen deposition per cell in low ACA constructs, whereas an increase in collagen deposition in the high ACA constructs 
FIG. 6.
The FDP concentration measured in the interstitial fluid of the construct is higher than the FDP concentration measured in the overlying medium. FDP were measured in the medium or interstitial fluid daily for 1 week. Higher concentrations of FDP were present in the interstitial fluid than in the medium for constructs in 3 mM ACA based on one-way analysis of variance ( p < 0.05). Values are mean AE range/2 for n ¼ 2. Medium changes occurred on days 3 and 6, as indicated by squares in the figure; the FDP sampling was done immediately before the medium change, resulting in medium values that were lower on the following day.
FIBRIN DEGRADATION ENHANCES ECM DEPOSITION IN CONSTRUCTS
only occurred when 500 mg/mL FDP was added. The FDP concentration profiles shown in Figure 6 are from the same second set of experiments. There was no difference in collagen deposited per cell for these controls as there was in previous experiments with a different isolation of vSMC (Fig. 3G) . This may be due to the lower fibrinolysis in these constructs during week 1 for both low and high ACA as compared to the earlier experiments (Fig. 1A) .
Discussion
ACA has documented potency against plasmin, uPA, and tPA over the range of 3-12 mM used in this study. [19] [20] [21] This potency was confirmed by the effective inhibition of zymography using these concentrations. Plasmin inhibition by ACA, either directly or through plasminogen activators, has broad effects on fibrin remodeling driven by vSMC in fibrinbased tissue constructs. Most directly, inhibition prevents the degradation of the network of fibrin fibrils that entraps the vSMC. Without ACA, activation of plasminogen by uPA expressed by the vSMC led to rapid digestion of the fibrin and resulted in the destruction of the tissue construct because new ECM deposition had not yet occurred. The use of ACA delayed fibrin degradation, with increasing concentrations of ACA leading to delayed and diminished FDP production. While a fibrinolytic inhibitor such as ACA is necessary in the system to control fibrin degradation, this study shows that ACA can also have negative side effects. Increasing the ACA concentration led to lower cellularity and lower collagen and elastin content.
The reasons for these negative outcomes with high ACA usage were explored. During the first 2 weeks of construct incubation, the FDP concentration in the medium was highly correlated with collagen deposition. This indicates two likely possibilities for how ACA affects fibrin remodeling: (1) degradation of fibrin is required for new matrix deposition or cell proliferation and/or (2) FDP have a direct biological effect on vSMC that leads to increased matrix deposition or cell proliferation. In support of the latter, vSMC cultures and fibrin constructs supplemented with 250 or 500 mg/mL FDP deposited more collagen per cell than the untreated controls, indicating that FDP generation during remodeling of fibrin constructs has the potential for direct biological activity. Cellularity in vSMC culture and constructs was not altered by FDP addition. FDP levels within the construct and hence the effective local concentration of FDP seen by the cells were found to be, on average, fivefold higher than the concentration measured in the medium. Constructs cultured in 3 and 6 mM ACA had peak FDP of 120 and 50 mg/mL in the medium and thus could be expected to reach a biologically active FDP concentration within the interstitial fluid of the construct. Since FDP generation is severely reduced when high concentrations of ACA are utilized, FDP-mediated collagen deposition is more likely to occur at lower ACA concentrations.
In addition to inhibition of FDP generation, inhibition of plasminogen activation could have other negative effects on vSMC proliferation and matrix production. In vSMC culture, ACA negatively affected matrix deposition, as treatment with the higher concentrations of ACA (6 and 12 mM) led to decreased collagen deposition per cell. This indicates that ACA has broader effects than just limiting fibrin degradation. Many growth factors are sequestered in the ECM in a latent form; plasmin activity has been shown to release TGF-b, insulin-like growth factor, and fibroblast growth factor-2 from these latent complexes, leading to increased mitogenic activity. [40] [41] [42] TGF-b in particular has been shown to increase collagen transcription and deposition of collagen and crosslinked elastin by vSMC in fibrin-based tissue constructs. 14, 43 Thus, the use of ACA may inhibit not only fibrinolysis but also other positive effects of plasmin in our system. This study demonstrates that one enzyme, plasmin, can have multiple effects with regard to fibrin remodeling by vSMC in fibrin-based tissue constructs. Plasmin acts to degrade the fibrin, which correlates positively with deposition of the ECM proteins collagen and elastin. One key byproduct of plasmin activity is the generation of FDP, which we have shown to increase collagen deposition by vSMC in monolayer culture and in the constructs. Therefore, to ultimately fabricate a fibrin-based tissue construct for implantation, the time course of plasmin activity and the associated rate of 
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FDP generation must be carefully prescribed. This will be of particular importance as new cell types are considered or for the eventual use of autologous cells for implant. Different cell isolations can be expected to have varied fibrinolytic activity; thus, careful monitoring of fibrinolysis will be necessary to allow for appropriate remodeling of fibrin-based tissue constructs.
